The matrix (M) protein of rhabdoviruses has been shown to play a key role in virus assembly and budding; however, the precise mechanism by which M mediates these processes remains unclear. We have associated a highly conserved, proline-rich motif ( Viruses belonging to the Rhabdoviridae family cause disease in a wide variety of species including vertebrates, invertebrates, and plants. Two prototypic members of the Rhabdoviridae family include vesicular stomatitis virus (VSV) and rabies virus. Rhabdoviruses possess a negative-sense RNA genome, replicate exclusively in the cytoplasm of infected cells, and derive their lipid envelope via budding through the cytoplasmic membrane (for a review, see reference 51). While many aspects of the budding and assembly process of rhabdoviruses remain unclear, the major structural protein of rhabdoviruses (matrix [M]) is thought to play a key role in viral assembly and release (10, 11, 22, 27, 31, 33-36, 38, 61). Indeed, when the M protein of VSV was expressed in mammalian cells or in a baculovirus system in the absence of any other viral protein, M protein was released from the cells in the form of lipid vesicles by budding through the cytoplasmic membrane (20, 29) . The N-terminal portion of the VSV M protein has been shown to be important for membrane localization and release from cells (10, 11, 20, 28, 60, 62) . However, the precise mechanism of how M protein is released from cells and the potential function(s) of host proteins in the budding process remain unclear.
Viruses belonging to the Rhabdoviridae family cause disease in a wide variety of species including vertebrates, invertebrates, and plants. Two prototypic members of the Rhabdoviridae family include vesicular stomatitis virus (VSV) and rabies virus. Rhabdoviruses possess a negative-sense RNA genome, replicate exclusively in the cytoplasm of infected cells, and derive their lipid envelope via budding through the cytoplasmic membrane (for a review, see reference 51). While many aspects of the budding and assembly process of rhabdoviruses remain unclear, the major structural protein of rhabdoviruses (matrix [M] ) is thought to play a key role in viral assembly and release (10, 11, 22, 27, 31, 33-36, 38, 61) . Indeed, when the M protein of VSV was expressed in mammalian cells or in a baculovirus system in the absence of any other viral protein, M protein was released from the cells in the form of lipid vesicles by budding through the cytoplasmic membrane (20, 29) . The N-terminal portion of the VSV M protein has been shown to be important for membrane localization and release from cells (10, 11, 20, 28, 60, 62) . However, the precise mechanism of how M protein is released from cells and the potential function(s) of host proteins in the budding process remain unclear.
Recently, the role of the M protein in rhabdovirus assembly was compared to that of the Gag protein in retroviral assembly (27) . The Gag protein of Rous sarcoma virus (RSV) and the M protein of VSV both have the ability to associate with the cellular membrane and to bud from cells independently of other viral proteins (20, 29, 55) . In addition to the membrane association (MA) domain of RSV Gag, a late (L) budding domain was identified in the p2b protein of RSV Gag and shown to play an essential role in the late stage of budding (55, 58) . Interestingly, the sequence of the RSV L domain (PPPY) matches the sequence of the consensus motif required for interacting with WW domains of cellular proteins (8, 9, 32, 39, 50) . While L domains have been identified in the Gag proteins of other retroviruses, only the Gag proteins of the oncoviruses appear to have the PPxY motif conserved (17, 19, 37, 41, 55, 59) . The recently described WW domain is (i) a highly structured, modular domain that mediates protein-protein interactions, (ii) present in a wide range of cellular proteins with unrelated functions, and (iii) functionally similar to, but structurally distinct from, Src homology-3 (SH3) domains (for a review see reference 48) . The biology of the WW domain and its interacting ligand have been implicated as playing a role in a number of disease states including Liddle's syndrome (a genetic form of hypertension), muscular dystrophy, and Alzheimer's disease (5, 14, 46, 48) . In addition, the WW domain has also been implicated in the biology of retroviral budding and assembly (15, 48) . Indeed, the L domain of RSV Gag mentioned above has been shown recently to interact with the WW domain of the cellular Yes-kinase associated protein (YAP) (15, 47, 58) .
In this report, we demonstrate for the first time that a highly conserved PPxY motif present within the M proteins of VSV and rabies virus can interact with WW domains of specific cellular proteins, including YAP. In addition, our results suggest that similar to the role of the retroviral PPxY motif in budding, the rhabdoviral PPxY motif is also likely important to play a role in a late step(s) of rhabdovirus maturation. Mutations that disrupt the rhabdoviral PPxY motifs not only abolish binding to WW domains but also interfere significantly with the release of VSV M protein from cells in a functional bud-ding assay. Thus, in addition to possessing membrane association domains, the M protein of rhabdoviruses and the Gag polyprotein of retroviruses also have a similar, proline-rich motif (L domain) which appears to play a role in the budding process (55, 59) . Last, our results suggest that late stages of the budding process of rhabdoviruses may be mediated through interactions with selected host proteins.
MATERIALS AND METHODS

Cells and viruses.
Stocks of CV-1 and BHK-21 cells were maintained in Dulbecco's minimal essential medium (DMEM) (Life Technologies) supplemented with 10% fetal calf serum (Hyclone). VSV (Indiana serotype) was generously provided by M. Schubert (National Institutes of Health) and propagated in BHK-21 cells.
Plasmids. The M gene of VSV (Indiana serotype) was cloned by reverse transcriptase (RT)-PCR by using primers flanking the open reading frame and containing EcoRV (5Ј) and XbaI (3Ј) restriction endonuclease sites. The PCR product was inserted into the EcoRV/XbaI-digested pSP72 vector containing the bacteriophage T7 promoter (Promega) by using standard protocols (1) . Briefly, total RNA was isolated from BHK-21 cells infected with VSV by using the TRIzol reagent and protocol of the manufacturer (Life Technologies). Reverse transcription was performed by using avian myeloblastosis virus (AMV) RT (Life Technologies), and PCR was performed by using standard protocols with Vent DNA polymerase (New England Biolabs). The full-length M gene of rabies virus was generously provided by W. Wunner (Wistar Institute, Philadelphia, Pa.). PCR fragments encoding amino acids 1 through 74 of VSV M and 1 through 202, 1 through 69, and 1 through 52 of rabies virus M protein were inserted into the BamHI and EcoRI restriction sites of the vector pGEX-2TK (Pharmacia) for expression of glutathione S-transferase (GST) fusion proteins. Oligonucleotide primers and standard PCR protocols were utilized to introduce point mutations within the PPxY motifs of VSV and rabies virus GST-M fusion proteins. All plasmids and introduced mutations were confirmed by restriction endonuclease digestion and DNA sequencing by the Sanger method (45) . Plasmid DNAs were maintained in either Escherichia coli DH5alpha (Life Technologies) or E. coli SURE2 (Stratagene), and DNA was purified by using the Qiagen purification system.
Purification of M protein from VSV virions. Briefly, the supernatant was harvested from VSV-infected BHK-21 cells at 36 h postinfection and clarified, first at 2,500 rpm for 10 min and then at 3,200 rpm for 10 min. The supernatant was then centrifuged at 36,000 rpm for 30 min in an SW41 rotor. The virion pellet was then suspended in 400 l of buffer containing 10 mM Tris (pH 8.0), 0.25 M NaCl, 1.0% Triton X-100, and 0.2-mg/ml dithiothreitol and incubated at room temperature (RT) for 30 min. The sample was then centrifuged at 75,000 rpm for 2 h in a TL-100 ultracentrifuge (Beckman). The supernatant fraction mostly containing the M and G proteins was removed and stored at Ϫ70°C.
Purification and radiolabeling of GST fusion proteins. All GST fusion proteins were expressed from the plasmid pGEX-2TK in E. coli SURE2 cells by using the GST Gene Fusion System and the protocols of the manufacturer (Pharmacia). The labeling of the fusion proteins with [␥-32 P]ATP (6,000 Ci/ mmol; NEN Dupont) and far-Western blotting were as described previously (7, 21) . Briefly, GST fusion proteins containing a phosphorylation site were radiolabeled by using an in vitro kinase reaction. The probe was purified by using GST-Sepharose beads, and nitrocellulose filters were incubated with the probe overnight at 4°C. Filters were then washed extensively, dried, and exposed to film.
BAP binding assays. DNA fragments of the VSV and rabies virus M genes encoding amino acids 17 through 33 and 29 through 44, respectively, were amplified by PCR and inserted in-frame with bacterial alkaline phosphatase (BAP) into vector pMY101 (generously provided by B. Kay, University of Wisconsin) digested with SalI/XbaI. All inserts and mutations were confirmed by DNA sequencing. BAP fusion proteins were expressed in E. coli DH5alpha following induction with 1.0 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) (Boehringer Mannheim Biochemicals) for 4 h at 37°C. Briefly, following induction, the cells were pelleted at 5,000 rpm, resuspended in 1ϫ phosphate-buffered saline (PBS), and sonicated briefly to disrupt the cells. Triton X-100 (1.0%) was added, and the lysates were rocked at RT for 30 min. Cell debris was pelleted at 10,000 rpm for 10 min, and the supernatant fraction containing the fusion protein was recovered. Indirect immunofluorescence. Subcellular localization of the VSV M protein was accomplished by indirect immunofluorescence. CV-1 cells expressing the M protein of VSV were fixed and permeabilized for 15 min in 2.5% formaldehyde-0.5% Triton X-100-PBS. The primary antibody was polyclonal anti-VSV M, while the secondary antibody was affinity-purified goat anti-rabbit antibody conjugated to fluorescein isothiocyanate (Boehringer Mannheim Corporation). Positive cells were visualized with the use of a Leica CLSM confocal microscope.
RESULTS
Conservation of the PY motif in the M protein of rhabdoviruses.
A novel globular domain which mediates protein-protein interactions was identified recently and shown to be present in a wide range of cellular proteins involved in signal transduction, gene regulation, and cytoskeletal formation (48) . This domain, termed WW domain, is 38 to 40 amino acids long and contains a number of conserved amino acids, including two highly conserved tryptophans spaced 20 to 22 amino acids apart (48) . The WW domain was shown to interact with a polyproline ligand having the core consensus sequence PPxY (9, 14) . Of interest to us is the fact that this PPxY motif is highly conserved in the M proteins of various rhabdoviruses (Table 1 and primary sequence conserved but also the relative location within the N termini of these M proteins is maintained (Table  1 ). In addition to the rhabdoviruses, the putative matrix proteins (VP40) of both Ebola and Marburg viruses (filoviruses that were initially classified as rhabdoviruses) also contain the PPxY motif at their amino termini (Table 1 and references 6 and 44). The highly conserved nature of the sequence and location of the PPxY motif within these viral structural proteins implies that the PY motif is important in the structure and/or function of these major structural proteins. VSV M protein interacts with cellular WW domains in vitro. Since the highly conserved PY motif present within rhabdoviral M proteins is identical to the sequence of the ligand which interacts with WW domains, we wanted to determine whether the M protein of VSV could interact with WW domains of cellular proteins. To obtain the M protein from VSV virions, BHK-21 cells were infected with VSV and progeny virions were purified from the supernatant as described (see Materials and Methods). The virion preparation was detergent treated, and the viral proteins were analyzed by SDS-PAGE. As expected, the detergent-soluble sample contained predominantly the two viral envelope-associated proteins M and G (Fig. 1,  lane 1) . The M and G virion proteins were probed with either GST alone or GST fused to the WW domain of YAP (gstY-APWW1) in a far-Western assay (Fig. 1A, lanes 2 and 3) . A strong interaction was observed for gstYAPWW1 with the VSV M protein but not with the VSV G protein. No signal was observed when GST alone was used as the probe (Fig. 1A, lane  2) . In addition to virion proteins (VR), cell extracts from mock-infected (Fig. 1B, lane 1) or VSV-infected (Fig. 1B, lane 2) BHK-21 cells were probed with 32 P-labeled gstYAPWW1 (Fig. 2) . A protein of 30 kDa (VSV M) was detected in VSVinfected cell extracts (Fig. 1B, lane 2) and not in mock-infected cell extracts (Fig. 1B, lane 1) . The amount of M protein (approximately 0.1 g) present in the lane for VSV-infected cells (Fig. 1B, lane 2) is approximately 20 times lower than that shown for purified viral proteins (Fig. 1A, lanes 1, 2, and 3 ) based on comparison with a known standard of purified virus from Coomassie blue-stained gels (data not shown). A protein of approximately 38 kDa was observed in the mock-infected cell extract probed with gstYAPWW1 (Fig. 1B, lane 1) . The presence of this cellular protein was not unexpected since it has been described previously as WBP-2, a cellular protein of unknown function that interacts with the WW domain of YAP (7). Interestingly, WBP-2 was not observed in the VSV-in- fected cell extract (Fig. 1B, lane 2) . This experiment has been repeated three times, and the same result was obtained each time. The potential role of VSV M protein in mediating the apparent absence of WBP-2 in VSV-infected cells is currently under investigation. Neither WBP-2 nor VSV M was detected when an identical blot was probed with 32 P-labeled GST protein (data not shown). These data indicate that full-length M protein from VSV virions as well as from VSV-infected cell extracts interacts with WW domain 1 of YAP.
The N terminus of VSV M is sufficient to interact with cellular WW domains. To determine whether the N terminus of VSV M protein, which contains the PPxY motif, was sufficient to mediate the interaction with the WW domains of YAP, the full-length M gene of VSV was first cloned by RT-PCR. Several plasmids were then constructed to express various lengths of the N terminus of VSV M fused to either GST or BAP (Fig. 2) . The PPxY motif, which begins at amino acid position 24, was unmodified in plasmid gstVSVM74WT (Fig.  2) . Plasmids gstVSVM74P-A, gstVSVM74Y-A, and gstVSVM74A4 were engineered to express proteins with mutations in the PPxY motif (Fig. 2) . All of the GST fusion proteins were expressed in E. coli grown under inducing conditions. Equivalent amounts of induced or uninduced bacterial extracts were separated by SDS-PAGE, immobilized onto nitrocellulose filters, and probed with gstYAPWW2 (Fig. 3A , lanes 2 and 3), gstYAPWW1 (lanes 4 and 5), or GST alone (lanes 6 and 7). The gstVSVM74WT fusion protein interacted with both WW domains 1 and 2 from the mouse YAP. A reproducibly stronger interaction was observed with WW domain 1 (Fig. 3A, compare lanes 2 and 4) . A similar preference for WW domain 1 was also observed when full-length M protein from purified virions and VSV-infected cell extracts was assayed by far-Western analysis (data not shown). The gstVSVM74WT fusion protein did not interact with GST alone (Fig. 3A, lane 6) .
To demonstrate further that the PY motif present within the N terminus of VSV M was responsible for this interaction, the fusion proteins containing point mutations within the PY motif were used in a similar far-Western blotting assay. Mutations of the first P or Y in PPxY (substitutions of alanine) have been shown to result in a decrease in the efficiency of binding to WW domains (7, 9) . The wild-type and mutant GST fusion proteins were expressed to equivalent levels in E. coli (Fig. 3B ) and probed with gstYAPWW2 (Fig. 3C) . As expected, WW domain 2 of YAP interacted with gstVSVM74WT (Fig. 3C,  lanes 1 and 5) . The ability of WW domain 2 of YAP to interact with either of the point mutants was reduced substantially by 90% (Fig. 3C, lanes 2 and 3) . This interaction was abolished completely when gstVSVM74A4 was probed with gstY-APWW2 (Fig. 3C, lane 4) . The gstYAPWW2 probe did not interact with GST alone, and the GST probe did not interact with the wild-type or mutant gstVSVM74 fusion proteins (data not shown).
A second assay to detect protein-protein interactions was used to delineate further the minimal region of VSV M required to interact with WW domains and corroborate the specificity of the interactions demonstrated by far-Western analysis. Amino acids 17 to 33 of VSV M were joined in frame to BAP and expressed from constructs APVSVMWT (WT PPPY motif) and APVSVMA4 (PPPY was changed to AAAA; Fig.  2 ). Both the wild-type and mutant proteins were purified from E. coli, and equal amounts of protein were used to probe a panel of gstWW domain fusion proteins immobilized on nitrocellulose filters (Fig. 4) . Amino acids 17 to 33 of VSV M containing the wild-type PY motif interacted with WW domains 1 and 2 from YAP as well as with WW domains 2 and 3 from the Nedd4 protein (Fig. 4A, lanes 1 to 4) . APVSVMWT did not interact with the WW domains from dystrophin, FE65, and ESS1 (Fig. 4A, lanes 5, 6, and 7, respectively) . Also, no interactions were observed when identical amounts of the gstWW domain fusion proteins were probed with APVSVMA4 (Fig. 4B, lanes 1 to 7) . These results demonstrate that amino acids 17 to 33 of VSV M are sufficient to interact with specific WW domains and that the PY motif is essential for this interaction to occur. Last, the PY motif of VSV M not only interacts with select WW domains but also exhibits a preference for one domain over another (Fig. 3A, compare lanes 2 and 4; Fig. 4A,  compare lanes 1 and 2) .
Rabies virus M protein interacts with cellular WW domains in vitro.
To determine whether a second rhabdoviral M protein could interact with WW domains, the full-length rabies virus M protein or various C-terminal truncations of rabies virus M protein were fused to GST (see Fig. 2 ). The fusion protein gstRabM52Y-A is identical to gstRabM52WT except for a single point mutation in the PY motif of the rabies virus M protein, which changes the tyrosine to an alanine (see Fig. 2 ). All four gstRabM fusion proteins were expressed in E. coli grown under inducing conditions and used in far-Western blotting assays (Fig. 5 ). Duplicate filters with gstRabM202 (containing full-length rabies virus M protein) and gstRabM69 were probed by using either GST alone or gstYAPWW2 (Fig.  5A ). Both gstRabM202 and gstRabM69 fusion proteins interacted with the gstYAPWW2 probe (Fig. 5A, lanes 3 and 4) but not with GST alone (Fig. 5A, lanes 1 and 2) . Identical amounts of gstRabM52WT and gstRabM52Y-A fusion proteins (as shown in Fig. 5B ) were also probed with either GST alone or gstYAPWW2 (Fig. 5C ). The gstRabM52WT fusion protein interacted with gstYAPWW2 (Fig. 5C, lane 4) but not with GST alone (lane 2). In contrast, a single point mutation within the PPxY motif in protein gstRabM52Y-A completely abolished the interaction with the YAP WW domain (Fig. 5C, lane  3) .
To examine further the rabies virus M protein and WW domain interaction, the reverse of the experiment shown in Fig. 5C was performed. The rabies virus fusion proteins were now purified, quantitated, radiolabeled, and used to probe a panel of gstWW domain fusion proteins (Fig. 6) . In addition to GST alone, equivalent amounts (as shown in Fig. 6A ) of gstY-APWW1, gstYAPWW2, gstDystrophinWW, gstNedd4WW2, gstNedd4WW3, and gstFE65WW fusion proteins were probed with either gstRabM52WT (Fig. 6B) or gstRabM52Y-A (Fig.  6C) . As expected, gstRabM52WT interacted with WW domain 2 and WW domain 1 (upon longer exposure of the filter) of YAP (Fig. 6B) . Interestingly, gstRabM52WT also interacted strongly with WW domain 2 from the Nedd4 protein (Fig. 6B) .
The gstRabM52WT protein did not interact with the remaining gstWW domain fusion proteins, again demonstrating that there is specificity in this protein-protein interaction. As in the previous experiment, the interactions between the rabies virus M protein and the various WW domains observed (Fig. 6B) were completely abolished by the introduction of a single point mutation in the PPxY motif in the gstRab52MY-A protein (Fig. 6C) .
To delineate further the minimal region of rabies virus M protein required for interaction with WW domains, amino acids 29 to 44 of rabies virus M protein were joined in frame to BAP to generate plasmids expressing the wild-type fusion protein (APRabMWT) or mutant fusion protein (APRabMY-A) (Fig. 2) . The APRabMWT protein was able to interact strongly with WW domain 2 of YAP and Nedd4 and weakly with WW domain 1 of YAP (Fig. 6D) . No interaction was observed with the WW domain of dystrophin (Fig. 6D) . In contrast, the APRabMY-A protein was unable to interact with any of the WW domains (data not shown). These results demonstrate that 15 amino acids (29 to 44) of the rabies virus M protein containing the PY motif were sufficient to interact with specific WW domains.
The PY motif of VSV M facilitates exocytosis. To determine whether the PY motif of VSV M plays a role in M-mediated release or budding, we took advantage of a previously described assay to measure membrane vesiculation and exocytosis of M protein from mammalian cells (20) . Justice et al. (20) demonstrated that the VSV M protein, when expressed alone 1 and 2) or gstYAPWW2 (lanes 3 and 4) .
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on October 21, 2017 by guest http://jvi.asm.org/ in mammalian cells, can induce the formation and release of lipid vesicles from the cell surface; the process may mimic virion assembly and budding from host cells but is clearly not identical to the formation and budding of the classic bulletshaped virions. This phenomenon of M-mediated release was also observed when M protein of VSV was expressed from a baculovirus vector (29) . The exocytosis assay in CV-1 cells was utilized to determine whether the PPxY motif of VSV M protein is important in M-mediated release. CV-1 cells were first infected with the recombinant vaccinia virus (VVT7) expressing the bacteriophage T7 polymerase and then transfected with plasmid pT7VSVMWT (expressing full-length, wild-type M protein), plasmid pT7VSVMY-A (identical to wild-type M except for a single point mutation within the PY motif resulting in a change from tyrosine to alanine), or no DNA (mock transfected). Both the cells and media were harvested and subjected to immunoprecipitation by using polyclonal anti-VSV M antiserum (Fig. 7) . Identical amounts of both wild-type and mutant VSV M proteins were observed in the cell lysates (Fig. 7A, lanes 3 and 4) , while no M protein was detected in mock-transfected cells (Fig. 7A, lane 2) . In contrast, the amount of the mutant M protein (Fig. 7B, lane 3) released into the media was reduced in multiple independent experiments by about 70% (3.5-fold) as compared to the amount of wildtype VSV M protein in the media (Fig. 7B, lane 2) . Similar results were obtained when a mutant M protein containing four alanines in place of PPxY was used in this assay ( Fig. 7C  and D) . Again, identical amounts of wild-type and mutant M proteins were observed in the cell lysates (Fig. 7C, lanes 2 and  3) ; however, the amount of the A4 mutant protein present in the media was significantly reduced as compared to wild-type protein levels measured in multiple independent experiments (Fig. 7D, lanes 2 and 3) . These results suggest that the PPxY motif of VSV M is important for M-mediated release in this assay and may reflect a similar role for the PPxY motif of VSV M in the release and budding of intact virions. To determine whether the defect in release of the mutant M proteins was due to their inability to localize to the cell membrane, indirect immunofluorescence and confocal microscopy were performed on cells expressing either the wild-type or mutant (Y-A) M protein (Fig. 8) . Transfected cells were examined at 5, 8, and 10 h posttransfection (data not shown for 5-and 10-h time points). For all time points tested, the wild-type and mutant M proteins localized to the cytoplasmic membrane equally well (Fig. 8) . These data indicate that the defect in budding of the mutant M protein (as shown in Fig. 7B ) is not simply due to mislocalization within the cell and is likely due to a defect in a late step of the release process.
DISCUSSION
Much progress has been made in studying the assembly and budding pathways of negative-sense RNA viruses in general; however, many questions remain concerning the role of both viral and host proteins in the late stages of the viral life cycle. Toward a better understanding of the role of M protein in rhabdoviral assembly and egress, we have demonstrated in this report that: (i) a highly conserved PY motif within the M protein of VSV and rabies virus can function as a ligand which interacts in vitro with WW domains of specific cellular proteins, and (ii) this same PY motif of VSV M protein may be functionally important for the budding process. Taken together, these findings suggest that rhabdoviral budding mediated by the M protein may be facilitated by virus-host interactions.
The polyproline ligand which interacts with the WW domain has been identified and well characterized as having the core consensus sequence PPxY. While the M proteins of many rhabdoviruses maintain the PY motif at their amino termini (Table 1) , it should be noted that the M proteins from several rhabdoviruses of fish possess a PPxH (where H denotes histidine) motif rather than PPxY (2) . Although the aromatic nature of the amino acid position occupied by H rather than Y is maintained, it is not clear whether this PPxH motif can interact with either WW domains or perhaps a WW-like domain. Nevertheless, WW domains from YAP and the Nedd4 protein interacted strongly and specifically with the PY motifs of both VSV and rabies virus M proteins, whereas WW domains from other cellular proteins (dystrophin, FE65, and ESS1; for a review see reference 48) did not interact with either viral protein. Single point mutations within the PPxY motifs of VSV M protein and rabies virus M protein were sufficient to either significantly reduce or abolish interactions with cellular WW domains. Attempts were made to determine whether fulllength YAP can interact with VSV M protein and whether YAP was present in mature virions. Results from these experiments were negative, suggesting that YAP is an unlikely interacting agent. However, the authentic in vivo interacting agent may possess a "YAP-like" class of WW domain.
Both the WW domain and the related SH3 domain have been implicated in mediating virus-host protein-protein interactions. The Nef protein of human immunodeficiency virus type 1 (HIV-1) possesses a polyproline ligand which has been shown to interact with Src-family SH3 domains of cellular proteins and to be important for optimal viral replication (25, 26) . The LMP2 protein of Epstein-Barr virus contains two polyproline motifs that have been postulated to mediate an interaction between LMP2 and the Src-family tyrosine kinases, FYN and LYN (30) . Interestingly, the PY motif is highly conserved in the Gag proteins of many animal and human retroviruses (55, 58, 59) . One of the well-characterized Gag proteins in terms of functional domains important for gag-mediated budding is that of RSV (3, 4, 13, 52, 53, 55, 56, 57) . Elegant studies have demonstrated that the PY motif present within the p2b protein of RSV Gag not only interacts with WW domains in vitro but also functions as a late budding domain (L domain) which is essential for a late stage in retroviral assembly and release (15, 55, 58) . The Gag polyprotein of RSV, like the M protein of VSV, can bud from cells in the absence of any other viral protein. RSV Gag proteins with mutations in the PY motif exhibit a decreased ability to bud from cells, yet budding was not completely abolished (55, 58) . We observed similar results with the VSV M budding assay, whereby PY mutants of VSV M were released from cells at a level significantly lower than that observed for the wild-type M protein (Fig. 8) . This low level of budding of the mutant M proteins may be attributed to redundancy in the signal for budding at either the cellular (through multiple proteins and/or pathways involved in exocytosis) or viral (through multiple budding signals in the M protein) level. Indeed, the sequence PSAP at amino acids 37 to 40 of VSV M closely resembles the functional budding domain identified in the p6 protein of HIV-1 (for which the sequence is PT/SAPP) (18, 19) .
In addition to the RSV Gag protein, late budding domains have been identified in the Gag proteins of HIV-1, equine infectious anemia virus, and recently Mason-Pfizer monkey virus (17, 19, 41, 59) . Whether these retroviral L domains actually mediate their function by interacting with cellular proteins remains to be determined. Our findings obtained with the M protein of rhabdoviruses are the first to demonstrate that the PY motifs of VSV and rabies virus M can interact with WW domains and suggest that they may function as L domains in the budding process of rhabdoviruses. Taken together, these results provide further evidence that the M protein of rhabdoviruses and the Gag protein of retroviruses are in many ways functionally equivalent. Although not presented here, it should be noted that the N-terminal 74 amino acids of VSV M protein containing the PY motif were shown recently to be capable of functionally replacing the L domain of the p2b protein of RSV in a retroviral budding assay (12) . Moreover, point mutations that altered the PY motif of VSV M in these chimeric M-Gag proteins resulted in a protein that was defective in budding (12) .
Should the interaction between WW domains and viral PY motifs prove to be a specific one in vivo, then this virus-host interaction could serve as a potential target for antiviral agents. Since the WW domain and the core motif of its ligand are relatively short, one could speculate that such antiviral agents could be easily selected from chemical libraries of low-molec- Fig. 7A and B) was directed against the M protein of VSV. ular-weight compounds (49) . Also, if indeed the PY-WW domain interaction is a common step in the assembly pathways of rhabdoviruses, retroviruses, and filoviruses, it is tempting to speculate that antivirals which target this interaction may be effective against a variety of viral pathogens, including Ebola and Marburg viruses.
The effects of mutations within the rhabdoviral PY motif on budding and release of virions are currently being tested with a reverse-genetics approach (24, 54) . Also, several cellular proteins that interact with the N-terminal portions of both VSV and rabies virus M proteins are being analyzed and may provide useful information as to the identity of host proteins that are involved in rhabdoviral budding (18) . It is our hope that these studies will enhance our understanding of the role of both viral and host proteins in enveloped RNA virus assembly and release.
